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Tokamak edge region encompasses boundary layer

between hot core plasma and material walls

» Complex geometry = Sets key engineering constraints for
fusion reactor
» Rich physics (plasma, atomic, material) = Sets global energy confinement
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BOUT (BOUndary Turbulence) was originally developed at
LLNL in late 1990s for modeling tokamak edge turbulence




BOUT++ Is a successor to BOUT,
developed in collaboration with Univ. York

L

Original BOUT, tokamak applications on boundary .
turbulence and ELMs with encouraging results P

\QL;J,Q/;/
— Boundary Plasma Turbulence Code

BOUT-06: code refactoring using differential operator
approach, high order FD, verification

' v'Gyro-fluid extension

BOUT++: OOP, 2D parallelization, applications to vRMPs & RF
tokamak ELMs and linear plasmas

v'Neutrals & impurities

ﬁmreconditioner

v'Validation

v
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Principal BOUT++ Activities

L

» A suite of two-fluid multiple-field models has been implemented in BOUT++ for
v all ELM regimes and fluid turbulence

T. Y. Xia, 39 talk this afternoon

» A suite of 3+1 Gyro-Landau-Fluid models is also developed for
v' pedestal kinetic turbulence and transport
C.H. Ma, 2"d talk this afternoon sk

Perturbation

0.170
l 0.035

» Fluid neutral models are developed for
v' SMBI, GAS puffing, Recycling

» A PIC module for impurity generation
and transport

» Coupling BOUT++ and SOLPS
for divertor heat flux contr.

» BOUT++ has been applied to a range of problems,
including simulation of ELMs, plasma blobs,
turbulence, & magnetic reconnection



Benchmarks

(module elm_pb)



BOUT++ 3-field reduce MHD model

(module elm_pb)

e 3-field reduced MHD equations evolve pressure P, vorticity @ and
perturbed magnetic vector potential A:
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* The variables in the equations are defined as:
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* In the equations, for any variable F, F is the perturbed component,
V,F = Bd,(F/B),d,=8)+b-V,b=B/B=V,A;Xby/B,ad) =by-V



JET-like Equilibrium model

* Based on the cbm18 equilibrium sequence

e Circular plasma, with a “vacuum” region
* BOUT++ computation region is Y [0.2, 1.4]
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A set of JET-like equilibria with

different edge current L

« Based on the cbom18 dens8 equilibrium, using the CORSICA code, a
sequence of equilibrium with different edge current are created

 Keep total current and pressure profile fixed
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Edge current has stabilizing effects on

the ballooning modes |

 As the edge current increases, the medium n ballooning modes are
stabilized, the dominant mode is changed from ballooning modes to low-n
kink modes

« The ballooning stabilization effect is due to the increase of local shear at the

outer mid-plane
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Good agreement between BOUT++, ELITE and

GATO for both peeling and ballooning modes L.

As edge current increases, the difference between
BOUT++ and GATO/ELITE results becomes large

This difference is due to the vacuum treatment
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Benchmark results for elongated plasma

for both peeling and ballooning modes (b

« Elongated dbm18 equilibrium
— Elong=1.32, R0O=3m, Ip=2.25MA, Bt0=2.0T, betaN=1.68
« BOUT++ agrees with GATO if they use same vacuum model

« Vacuum model has small effects on the stability, though it is the
ballooning dominated mode
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Nonlinear ELM simulations show
three stages of an ELM event

« BOUT++ 3-field reduce MHD model evolves
v pressure P
v vorticity @
v/ magnetic vector potential 4,

« Based on a set of JET-like magnetic equilibria
v’ Circular plasma, with a “SOL” region
v BOUT++ computation region in @ [0.1, 1.4]
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« The ELMs are quasiperiodic relaxations of the pedestal, resulting in
a series of hot plasma eruptions
v' Potentially damage the ITER divertor plates and first walls

A. W. Leonard, APS review talk (2013); Phys. Plasmas 21, 090501 (2014)
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« The ELMs are quasiperiodic relaxations of the pedestal, resulting in
a series of hot plasma eruptions
v' Potentially damage the ITER divertor plates and first walls

A. W. Leonard, APS review talk (2013); Phys. Plasmas 21, 090501 (2014)



Principal Results

« Demonstrated the linear and nonlinear

® JET 5=0.25 3.5MA/3.0T
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characteristics of ELMs at different s o T 23 bt el MARTT
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simulations show that sos] * & ® BouT+
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. . )
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to n=35 _ 3 v+ ITER ¥ ek
v' Bispectrum analysis shows that 0.05 1 X Ve g0
nonlinear mode coupling becomes 0.00 2
stronger, resulting in the lack of o001 o1 1 10
dominant filamentary structures and v*(neo)

reduced ELM energy loss.

« The impact of radial electric field Er on peeling and ballooning modes is different.
v' The increase Er significantly enhances the linear growth rate of low-n peeling
modes, but only weakly impacts on nonlinear ELM energy loss
v The increase Er leads to large suppression of nonlinear ballooning amplitudes,
but only weakly impacts on their linear growth rates.



We create a set of equilibria with the self-consistent variation of density and

temperature profiles, while keeping the plasma cross-sectional shape, UL_
total stored energy, total plasma current and pressure profile fixed.
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Nonlinear ELM simulations show three stages of an ELM event &-

3+1 GLF model

Linear
_ I crash | Spreading phase I
1) alinear growth phase 4.0 94— . . . !
I I I
2) afastcrash phase < 3.5} : Te =
3) aslow inward spreading phase E 3.0 :
— In 3-field 2-fluid model, total 5 I
® 2.5
energy loss (P) shows a & |
similar spreading § 2.0}
— In 3+1 GLF model, Electron > 1.5/
. . o
perturbation provides the 5 |
spreading, eventually s 1.0y I
dominates the total energy g 0.5} . _
loss with a large conductive 2 00 : JETdike N |
energy loss e |, : :
~0-35""300 "600 900 1200 1500 1800
Time (t/7,)

C. H. Ma, et al. Phys. Plasmas 22, 010702 (2015)



As the edge density (collisionality) increases for fixed Er, the growth rate

of the P-B mode increases for high n but decreases for low n (1<n<5) UL.

toroidal mode number n

0 10 20 30 40 50 40F T T T T T T T T T 100
010 I I(I)I TTTTT I ITTTTTTTI | ITTTTTTTTI I ITTTTTTTTI | TTTTTTTT v C EE.B peak n _
~ (a = C . —
= EEE ng=1X1019 m-3 VY ng=9X1019 m-3 - g - DB width oo
L DA n0=3x1019 m-3 EEE n0=12x1019 m-3 — i\ 30—_ | <
0.08— G99 np=5X1019 m-3 EBEE] ng=15X1019 m-3 -1 & E 1
B GSO ng=7X1019 m-3 4 ng=20X1019 m-3 1 e E 1 3=
- - B E — 60 -g
L 4 8 F |
0.06 — — € 20— -
st I 1 2 F T S
= [ 1 3 F I E
| L =] - : O
0.04 E L o
i 7 w10 1
- — o = — 20 (D
- — E - -
| O_ 1 ||||||| (I ||||||| 11 ||||||| [ ||||||| 0
| A | | | | 0.001 0.01 0.1 1.0 10.0
0.00 = | VAN YT S TN Y YT Y T Y N B R \Y;
0.00 0.05 0.10 0.15 0.20 0.25 *

oPi
O The ballooning term dominates the high n modes. Because ion diamagnetic
drift is inversely proportional to the density for fixed pressure, when density
increases, the ion diamagnetic stabilization decreases and growth rate
Increases.

O The kink term dominates the low n modes. Therefore, as the density
iIncreases, the edge current decreases and growth rate decreases.



The growth time of linear drive is determined by nonlinear

process via phase evolution for large ELM crash UL.

ELM crash
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Linear drive e Pressure gradient o5
exp(yt)<—{i/ (Ballooning mode) 0*

Relative phase
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Nonlinear wave-wave
interaction (Cg)

An:tO
WEak

ELM size vs nonlinearity C, 40 PCT vs nonlinearity Cq
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Phase coherence time (PCT, t.): the length of time duration of the relative phase for linear growth
- Linear theory/simulations: unchanged d¢p = 7, - o

->The growth time is determined by nonlinear Phase Scattering Xi, Xu, Diamond, Phys. Plasmas 21, 056110 (2014)



2D bispectrum shows that nonlinear mode coupling

becomes stronger at high collisionality v* UL_

n.=5x10%%/m3 n,=9x10%%/m3 n,=12x101%/m3 n,=20x101%/m3

T T L

el JET-like

_- PB-mode

0 20 40 60 80 0 20 40 60 80

Increase collisionality v*

Stronger nonlinear mode coupling at high v* leads to the lack of dominant
fillamentary structures and the reduced ELM energy loss.



BOUT++ simulations show collisionality scaling of ELM

energy losses consistent with ITPA multi-tokamak databas&
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As the edge collisionality decreases, both linear and nonlinear physics set ELM energy loss
O Linearly, the dominant P-B mode shifts to lower n and the spectrum width of the linear
growth rate decreases

O Nonlinearly,
Narrow mode spectrum - Weak nonlinear Phase Scattering 2Long PCT =>Large ELMs



Equilibrium electric field model L
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Evolution of electric field during ELM crashes L
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At the beginning, the electric field was increased by a factor of about 3 times



low density, strong current -> peeling dominant, sharp and narrow y(n)

high density, weak current -> ballooning dominant, flat and wide y(n) UL_

Growth rate spectrums vs density & toroidal mode number
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Impact of Er on growth rate of PM, PBM and BM L

103 103
B == ng=5:E = —22kV/m 6 [~ = = ng=9: E = —13kV/m

(@) =5 . E, = 64kV/m  [(O) ey — 0. E, — —36KV/m

Growth | Growth
rate: Er | rate:~3*Er

n0=5: PM 0.058 0.075
6 _ ng=12: E, = —8.9kV/m 6 5-1-?-4_ — ng=20:E, — —5.7kV/m | N0=9: PM 0.060 0.067

() L T B asmrim @ T B =
| 12: B, = —25.TkV/m | 0 =200 B =10V 10=12: PBM | 0.062 | 0.063

n0=20: BM 0.064 0.063

The increase Er only weakly impacts on the amplitude
of peeling fluctuations; while the increase Er leads to
large suppression of nonlinear ballooning amplitudes.




Increasing Er by a factor of 3, ELM size increases significantly

at low collisionality (ng=5x10'° /m3nd ng=0x101/m°)
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Increasing Er leads to the suppression of ELM size
at high collisionality (n,=20x10t%/m?3)



Impact of collisionality and Er on amplitude spectrum and

bispectrum of peeling and ballooning mode UL_
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« amplitude spectrum
becomes broad

* the dominant mode
changes from n=6 to
n=35

* nonlinear interactions are
strongly enhanced.
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* The increase Er can also
enhance the nonlinear
coupling between modes
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ELM suppression by intermittent small

scale turbulence induced by SMBI

KSTAR HL-2A

KSTAR #6352 HL-2A #14052
rTTrTTTTETTT """"'I': o N R LA R RS AR RS L

Da(a.u.)

' A B P LS P i rhd I T
25 3 35 700 710 720 730 740
time(s) time(ms)

W.W. Xiao NF 54 (2014) 023003

Mitigations of ELM by SMBI have
been observed on EAST, KSTAR
and HL-2A:

SE3ng T SR
4555 4560 4565 53 4658 4663 4668 After SMBI

t (ms) t(ms)

X. L. Zou. 24th |AEA FEC, San Diego, US, (PD/P8-08), 2012.
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Experimental results on EAST:

Impact of collisionality (with SMBI) on ELM size UL.
o - e After SMBI (collisionality increased):
suet | Before SMﬂ After SMBI |
" s 1. ELM size is mitigated and particle transport
o I ‘ [ J Is mainly contributed by high frequency
MMMJ - turbulence;
i T 2. Bispectrum analysis indicate that the
nonlinear interactions are greatly enhanced

at high collisionality.

0
44 442 444 446 448 45 452 454 456 458 46
t(s)

1. X.L.Zou. 24th IAEA FEC, San Diego, US, (PD/P8-08), 2012.
2. Bispectrum analysis results are provided by Adi Liu (USTC)
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Preliminary experimental results on EAST.:

Impact of toroidal rotation (Er?) on ELM size (L

EAST shot 55236

. 5 q q W :
3‘ A 3 3 o
o 2 13 o %25
N .5 = (- .

S voE,

0 I L L L . =/
2.05 241 215 2.2 2.25 23 2.35 0
R (m)

=0=co-NBI
= = co-NBl+con-NBI
=0=con-NBI

=0=Low co-NBI

=O—co-NBI 600
=0O=con-NBI a

* ELM study with co NBI and con NBI:

1) ELM size is modulated by injecting
direction of NBI with smaller ELM size
at con NBI.

2) Stored energy and density profiles
remain almost the same (collisionality
remains the same?)

time (s) 3) Toroidal rotation (Er) playing an

important role in modifying the ELM?
Provided by C.B. Huang (ASIPP) 31




Impact of co-NBIl and con-NBlI
on nonlinear coupling on EAST L

(Hz)

Doppler

f

f (kHz)
- Left Figure: the electric field (E, < fpoppier) With con-NBl is larger than that
with co-NBI;
» Right Figure: nonlinear interactions among different modes become stronger
in con-NBI (or larger Er) case comparing to the co-NBI case.

» Those observations on EAST are consistent with the simulation results by

BOUT++ mentioned before.
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Principal Results

« Demonstrated the linear and nonlinear

® JET 5=0.25 3.5MA/3.0T
. . . ® O JET 6=0.3325MA2.7 T& 1.9 MA/20 T
characteristics of ELMs at different s o T 23 bt el MARTT
.. . . . JET 5=0.4125MA27 Tlow &,
collisionality & Er via a density scan 0.25 "k e samzsmar
JET 6=0.552.5 MA/2.7 T QDN
| A
. . .. . . 0.20 - o ° v JTG.U DIll-D 5<0.1
« By increasing collisionality, nonlinear - *® o VO owpssodmd O 6w
. ] | * o B B ASDEX-Umedium &
simulations show that sos] * & ® BouT+
v Power spectrum becomes broad, the E: ' *:!&o_}. )
. . )
dominant mode increases from n=6 =0.10 vs B .
to n=35 _ 3 v+ ITER ¥ ek
v' Bispectrum analysis shows that 0.05 1 X Ve g0
nonlinear mode coupling becomes 0.00 2
stronger, resulting in the lack of o001 o1 1 10
dominant filamentary structures and v*(neo)

reduced ELM energy loss.

« The impact of radial electric field Er on peeling and ballooning modes is different.
v' The increase Er significantly enhances the linear growth rate of low-n peeling
modes, but only weakly impacts on nonlinear ELM energy loss
v' The increase Er leads to large suppression of nonlinear ballooning amplitudes,
but only weakly impacts on their linear growth rates.

* New ELM control tool: viaradial electric field Er



Integrated multi-scale simulations
for ELM crashes and recovery



Principal results for full ELM cycles with

ELM dynamics

0.0130[

+ Separate the dynamical equations into equations for the 0.0125}
fluctuating and axisymmetric components to improve :
computational efficiency

+ The axisymmetric components of the pressure and vorticity are
on the slow transport timescale while the fluctuations are on a
rapid timescale to changes in the profiles

« The axisymmetric projection of nonlinear fluxes that are
bilinear in fluctuating quantities, such as, the energy flux, act
as drive terms for the axisymmetric quantities that determine
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Pedestal pressure (2u,/B,?)

Imulation tracks five ELM
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The pedestal pressure profile collapses and recovers to a steep gradient
Strong poloidal non-uniformity, even with the flux-limited Spitzer-Harm parallel heat diffusivity



Pedestal pressure (241,/B,?)

Plasma ELM loss fraction
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Simulated ELM cycles are similar to DIII-D expts. UL'
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The pedestal pressure profile collapses and recovers to a steep gradient

Simulations are for small ELMs, DIII-D data for large ELMs
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In addition to ELMSs,

Fluctuations are simulated for comparison

Between ELMs In H-mode &

During ELM-suppressed I-Modes

(module 6f_divertor_imp)

« BOUT++ 3D 6-field 2-fluid electromagnetic model evolves

v

AN N N

v

density n;,

ion temperature T,

parallel velocity v,

electron temperature T,
vorticity @

magnetic vector potential A,

« Based on a set of C-Mod and DIII-D experiments

v
v

realistic X-point magnetic and plasma profiles
BOUT++ computation region across the magnetic separatrix



Various coherent fluctuation structures

observed in Alcator C-Mod and other Tokamaks

I-modes: has a temperature pedestal but

ELMy H-mode on C-Mod

no density
pedestal , ELM-free -
=1
B . €
af 4 LA 1 AHubbard -
) e 500 f : :
29 ' ' i ' ' ' ; 2015 APS Invited KI2.03 _ (b) Magnetlcs fluctuations
— - N :
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J. W. Hughes, Nucl. Fusion 53 (2013) 043016
A Diallo, APS invited, 2014, JET-Perez PPCF 2004
A Diallo, PRL v112 115001(2014) AUG-Laggner EPS 2015
There is experimental evidence that Quasi-coherent
fluctuations (QCFs) lead to the saturation of the pedestal
A BT aib i N BRI R between ELMs on C-Mod, DIII-D, AUG, & JET
o Bl Ba °1‘?ime‘-(%) L v QCFs Observed as density & magnetic fluctuations
v' Pedestal-Localized QCFs with onsets for VT,

* Weakly Coherent Modes (WCMs) in I-mode * QCFs are different from QCMs in ELM-free EDA H-mode

v" mid-range frequency,(~200-400 kHz)

v lead to large D, Dg > %,




C-Mod experimental plasma profiles are used in

Kinetic EFIT MHD equilibria calculations and BOUT++ simulations UL'

| 50
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* Dedicated ELMy discharges were performed « I-mode has lower pressure & current than H-mode
- Br=54T&Ip=0.9MA - Weakly Coherent Modes (WCMs) in I-mode
+ Difference between the I-mode and H-mode pedestals - Quasi-coherent fluctuations (QCFs) between

- Lack of a particle barrier & no ELMs in I-mode ELMs in ELMy H-mode



C-Mod pedestal simulations show ELMy H-mode and I-mode
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exhibit different underlying instabilities

BOUT++ for I-Mode

0.03F
0.02F
0.01F

C-Mod 6-field #1120907032@1010ms
[ -3¢ ideal MHD
| —B— 6-field 2-fluid
—{— W/O Curvature
\ -
> A
SWIPP SRR S
v
T s e s &
0 10 20 30 40 50 60 70

Toroidal number, n

Linear simulations indicate that
» WCMs are unstable for resistive ballooning mode and drift-Alfven wave
» QCFs are marginal unstable near Peeling-Ballooning threshold
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BOUT++ simulations show similar evolution of Quasi-Coherent Fluctuations

as C-Mod magnetic probe measurements and good agreement I!
BOUT++ v Pedestal-Localized QCFs
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Linear and nonlinear BOUT++ analyses show similar frequency evolution

as Quasi-Coherent Fluctuations (QCFs) on DIII-D expts. UL_

Normal Bt =1.9 T with qq5 = 3 in Type | ELMy H-mode
Linear analysis indicates:
v' edge is marginally unstable for ballooning modes
v" n=40 is the most unstable when diamagnetic
effects are included
v drift Alfven mode appears to be dominant
Nonlinear analysis indicates
v' The frequency of the dominant mode is approx.
80 kHz which is near that of observed QCFs

DII-D ELMy H-mode
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BOUT++ simulations of C-Mod show similar onsets of the QCF

with electron temperature gradient VT, observed in DIII-D @_
DII-D expt. Diallo, Phys. Plasmas 22, 056111 (2015)
Evolution of QCF amplitude and BOUT++ for C-Mod
Temperature gradient 0.08 , , ,
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* QCF onsets for a given critical
temperature gradient VT,

. Temperature gradient VT, and Increasing VT, at the edge should increase the QCFs
QCF amplitude track each other intensity, while increasing VT, doesn’t.



Weakly Coherent Modes (WCMS) in I-modes
have been simulated for comparison with expts.



The dominant mode n=20 near the position of the reflectometer

shows a similar frequency peak in I-Modes Ul-
. Density pertubation at ¢» = 0.98 & outer mid-plane 0.08 v 7 T v
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—Simulation @=0.98 (n=20 10x)

N
o

Toroidal number, n
o

10}
5¢
C-Mod
O 2 r -
Time, 7, 100 200 300 400 500
Freguency (kHz)

» The spectrum of the mode n=20 is similar to the experimental result from the reflectometer
» The spectrum of total modes also has the peak around 300kHz.

Z. X. Liu et al, GO4.00005, Analysis of Weakly Coherent mode on C-Mod with the BOUT++ code, 10:18AM - 10:30AM, Tuesday,
November 17, 2015, in session of C-Mod, ADX, Lockheed Martin CFR
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I-mode: Particle diffusivity is larger than thermal (D>>y,)

H-mode: Particle diffusivity is smaller than thermal (D<<y,) UI_.
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> Larger particle diffusivity is consistent with the key feature of I- mode, D>>y,
» Predicted y, and y; (dashed curves) are close to experimental y. (from power
balance over 0.95 <y <1) for I-mode



Summary

The high-fidelity BOUT++ two-fluid suites have demonstrated significant recent progress toward
integrated multi-scale simulations
v including ELM dynamics, evolution of ELM cycles, and continuous fluctuations, as expts.

* Nonlinear ELM simulations show three stages of an ELM event
v'  Collisionality scaling of ELM energy losses consistent with ITPA multi-tokamak database

* Nonlinear integrated multi-scale ELM simulations:
v Simulation tracks five ELM cycles for 10000 Alfven times for small ELMs

* To validate BOUT++ simulations & find better regimes, both quasi-coherent fluctuations (QCFs) in ELMy
H-modes and Weakly Coherent Modes (WCMs) in I-modes have been simulated for comparison with
expts.

1) H-mode simulations predict that
v’ the QCFs are near marginal instability for ideal peeling-ballooning modes
v the predicted particle diffusivity is smaller than the heat diffusivity, D>>y,
2) I-mode simulation results are that
v'a strong instability exists at n > 20, for resistive ballooning modes and drift-Alfven wave
v'the predicted particle diffusivity is larger than the heat diffusivity, D<<y,

* A successful cooperation between simulation and experiment teams



